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The short-time orientational relaxation of water is studied by
ultrafast infrared pump-probe spectroscopy of the hydroxyl
stretching mode (OD of dilute HOD in H2O). The anisotropy decay
displays a sharp drop at very short times caused by inertial
orientational motion, followed by a much slower decay that fully
randomizes the orientation. Investigation of temperatures from
1°C to 65°C shows that the amplitude of the inertial component
(extent of inertial angular displacement) depends strongly on the
stretching frequency of the OD oscillator at higher temperatures,
although the slow component is frequency-independent. The in-
ertial component becomes frequency-independent at low temper-
atures. At high temperatures there is a correlation between the
amplitude of the inertial decay and the strength of the O-DOO
hydrogen bond, but at low temperatures the correlation disap-
pears, showing that a single hydrogen bond (ODOO) is no longer
a significant determinant of the inertial angular motion. It is
suggested that the loss of correlation at lower temperatures is
caused by the increased importance of collective effects of the
extended hydrogen bonding network. By using a new harmonic
cone model, the experimentally measured amplitudes of the iner-
tial decays yield estimates of the characteristic frequencies of the
intermolecular angular potential for various strengths of hydrogen
bonds. The frequencies are in the range of 400 cm1. A compar-
ison with recent molecular dynamics simulations employing the
simple point charge-extended water model at room temperature
shows that the simulations qualitatively reflect the correlation
between the inertial decay and the OD stretching frequency.
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A lthough a great deal is known about water’s bulk thermo-dynamic properties, the complex intermolecular forces that
govern its nanoscopic structural arrangements and dynamics
have made a detailed picture of the instantaneous local struc-
tures of water and their evolution elusive. Numerous models for
the structure of water have been proposed to account for its
anomalous behavior at different temperatures and pressures
(1–6). These models all have some degree of success in repro-
ducing the observed radial distribution function and other
properties of water.
Here, we present results on the fast, local (inertial) angular
motions of dilute HOD molecules in water within their initial
hydrogen-bonding structure through a study of how the orien-
tational motions of water depend on the OD stretching fre-
quency and temperature. The short-time orientational motions
of the HOD molecule depend on the potential energy surface
established by neighboring water molecules. Measurements of
the orientational relaxation as a function of OD stretching
frequency and temperature provide insight into how the motions
of the HOD molecule depend on the strength of the O-DOO
hydrogen bond (nature of the potential energy surface) and how
the local structure of water changes with temperature. The
measurements provide a benchmark for theoretical descriptions
of the intermolecular interactions in water.
Various aspects of the temperature dependence of orienta-
tional relaxation of water have been studied by using NMR (7,
8), dielectric relaxation (9), optical Kerr effect (OKE) (10), and
ultrafast infrared (IR) spectroscopy (11). Results emerging from
these studies include the observation that the activation energy
for reorientation depends on temperature, indicating that the
structures of water and the mechanism for orientational relax-
ation change with temperature. NMR has the potential to
measure the single-particle orientational correlation function.
However, several assumptions must be made to extract a single
orientational relaxation time, r, which is averaged over the
entire ensemble (12). Dielectric relaxation and OKE measure
different correlation functions, but both are primarily measure-
ments of orientational relaxation for the entire ensemble and thus
do not directly provide single-particle orientational information.
Ultrafast IR polarization selective pump-probe spectroscopy
of the hydroxyl stretch of dilute HOD in either H2O or D2O has
several advantages for measuring the short-time orientational
motions of water molecules. The OD stretching frequency is
correlated with the strength of the O-DOO hydrogen bond
(13–15). By frequency resolving the IR pump-probe signal, water
molecules forming different strengths of hydrogen bonds can be
studied. The anisotropy decay of water is a direct time domain
measurement of the mechanical motions of water molecules
through the single-particle orientational correlation function.
The greatest advantage of the IR anisotropy measurement is that
information is obtained directly from the data. With accurate
measurements of the signal parallel, I(t), and perpendicular,
I(t), to the pump polarization, vibrational excited-state popu-
lation decay, P(t), is obtained by using
Pt It 2It, [1]
and the orientational relaxation, r(t) (anisotropy decay) is given by
rt It It/It 2It 0.4C2t, [2]
where C2(t) is the second Legendre polynomial orientational
correlation function. In the experiments presented below, we
study the OD stretch of dilute HOD in H2O to prevent vibra-
tional excitation transfer (16). In pure water, vibrational exci-
tation transfer causes an artificial decay of the orientational
anisotropy, interfering with the measurement of orientational
relaxation (17).
Below we present the results of ultrafast IR pump-probe
anisotropy experiments on dilute HOD in H2O at temperatures
ranging from 1°C to 65°C.We find that at most temperatures, the
magnitude of the inertial anisotropy decay of the HODmolecule
depends on the OD stretching frequency (O-DOO hydrogen
bond strength) but that the long-time reorientation is frequency-
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independent. The magnitude of the inertial component of the
orientational relaxation describes the range of angles sampled by
the OD bond vector as the angular velocity autocorrelation
function relaxes.
We estimate the characteristic frequencies of the intermolec-
ular modes responsible for the inertial motion by assuming that
the intermolecular potential energy surface is harmonic. We
develop a model we call the harmonic cone that is analogous to
the wobbling-in-a-cone model of orientational relaxation (18–
20). In the wobbling-in-a-cone model, the only potential is a hard
wall at the cone boundary. Here, the motion occurs on a
harmonic potential. The frequencies extracted from the data are
in the range of 400 cm1, and are qualitatively consistent with
instantaneous normal mode analyses of water that show a broad
band caused by rotational and translational motions extending
from 0 cm1 to 900 cm1 (21, 22).
An important aspect of the results is that, at lower tempera-
tures, the magnitude of the inertial component becomes fre-
quency-independent; at low temperatures the inertial motion
does not depend on the strength of the O-DOO hydrogen bond.
It is suggested that as the temperature is reduced the inertial
orientational motion increasingly depends on the collective
nature of the hydrogen-bonding network, and therefore, be-
comes independent of the strength of the single OD hydrogen
bond that is correlated with the observed OD stretch vibrational
frequency.
Recently, the simple point charge-extended (SPC/E) model
for water has been used extensively in molecular dynamics (MD)
simulations to study the dynamics of water (23–27). Simulations
of the inertial angular motion of an HOD in D2O display a
dependence on the frequency of the OH stretching mode, which
is correlated with the strength of the O-HOO hydrogen bond
(25, 27). More detailed simulations of the system studied here
(the OD stretch of HOD in H2O) are presented below. Like the
simulations of HOD in D2O, the new results exhibit a depen-
dence of the inertial angular motion on theOD stretch frequency
(the strength of the O-DOO hydrogen bond). The room tem-
perature experimental results presented here are in general
agreement with the room temperature classical MD simulations.
However, the SPC/E MD simulations systematically overesti-
mate the amplitude of the inertial decay of the orientational
correlation, do not have the correct functional form for the
frequency dependence, and the long-time reorientation ex-
tracted from the simulations is too fast. Both the previous and
current simulations find that the long-time-scale complete ori-
entational randomization is independent of the hydroxyl stretch
frequency, in agreement with experimental results. The expla-
nation for the lack of frequency dependence for the long-time
reorientation is that complete orientational randomization in-
volves concerted rearrangement (breaking and forming) of a
number of hydrogen bonds. The reorientation event occurs by a
large-amplitude jump, facilitated by the formation of a bifur-
cated hydrogen bond involving the old acceptor and the new
acceptor (26). The probability of a new hydrogen bond acceptor
becoming available is independent of the observed hydroxyl
stretch frequency, so the long-time anisotropy decay is hydroxyl
stretch frequency independent.
The results presented below provide a systematic experimen-
tal examination of the temperature and frequency dependence
of the magnitude of the short-time angular motions of water.
These results will contribute to understanding the temperature-
dependent nature of the local structure of water.
Results and Discussion
Frequency-Dependent Anisotropy Decays. A great deal is known
about the orientational relaxation of HOD in H2O and D2O
(28–32). In particular, several groups have demonstrated that
the long-time anisotropy decay of HOD in H2O is independent
of frequency (30–32). Narrowband two-color pump-probe ex-
periments have observed multiexponential intermediate and
long-time anisotropy decays for HOD in D2O. This result was
interpreted as indicating that the global structural rearrange-
ment associated with the long-time anisotropy decay depends on
the strength of the O-HOO hydrogen bonds, with molecules
experiencing stronger bonds reorienting more slowly (11, 31, 33,
34). However, recent IR pump-probe experiments on HOD in
D2O with 45-fs pulses, which have sufficient band width to span
the entire OH absorption line, thereby eliminating spectral
diffusion from the measurements, observed that the anisotropy
decayed as a single exponential after an ultrafast inertial com-
ponent during the first 100 fs (29). Furthermore,MD simulations
on HOD in D2O do not display a frequency dependence to the
anisotropy decay after the first 100 fs, providing additional
evidence that the underlying mechanisms for reorientation are
the same in H2O and D2O (25, 27). Because it is necessary to
study an isotopically mixed system to avoid vibrational excitation
transport, it is useful to study the OD stretch of HOD in H2O
because the properties of H2O rather than D2O are obtained and
the OD stretch has a narrower absorption band.
The frequency dependence of the anisotropy decay at 25°C is
shown in Fig. 1. The pump-probe data used to compute the
anisotropy decays has been corrected for a small, well docu-
mented thermal contribution (30, 32). Data for times 200 fs
have been omitted because of a strong nonresonant artifact
caused by the CaF2 windows that interferes with the resonant
signal. Six anisotropy curves are shown ranging in frequency
from 2,509 cm1 to 2,599 cm1. Eighteen frequencies for seven
independent data runs were analyzed. Within experimental
error, all of the decay curves have the same decay constant, r
2.6  0.1 ps, for times 200 fs. For temperatures near room
temperature and above, the long-time-scale orientational relax-
ation is frequency-independent within experimental error. The
temperature dependence of the long-time-scale orientational
relaxation will be discussed in more detail subsequently.
Although the long-time anisotropy decay is frequency-
independent, between t 0 and t 200 fs, there is an extremely
fast decrease in the anisotropy caused by inertial orientational
motion. The presence of this inertial component has been noted
by several groups (19, 29, 30, 35). The interesting result, which
has not been observed previously, is that the amplitude of the
inertial component depends on the OD stretching frequency.
This can be seen clearly in Fig. 1 as the changing amplitude of
the inertial component causes the anisotropy decays to be offset
from one another. The higher curves have lower OD stretching
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Fig. 1. Plot of long-time anisotropy decay curves for various frequencies at
25°C. The slow component of the orientational relaxation is wavelength-
independent. (Inset) A decay curve on a semilog plot with single exponential
fit. All decays are exponential within experimental error.
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frequencies and smaller inertial drops. The lower curves have
higher OD stretching frequencies and larger inertial drops.
Because the OD stretching frequency is known to depend on the
strength of the O-DOO hydrogen bond, the magnitude of the
inertial decay is correlated with the hydrogen bond strength.
Fig. 2 displays the OD stretch frequency dependence of the
amplitude of the orientational correlation function at t  100 fs
for the experiment and simulation. The experimental data in Fig.
2 were measured at 25°C (filled circles). The experimental
amplitudes come from extrapolating the best exponential fit to
the experimental data back to t  100 fs. This time point was
chosen because previous simulations (25, 27) and experiments
(29) suggest that the inertial motion is complete by100 fs. The
data presented here are the average of seven datasets; the error
bars are the standard deviations. The line through the experi-
mental data is a linear fit to the points. The experimental data
show a pronounced frequency dependence.Within experimental
error, the amplitude of the inertial drop appears to be linear with
frequency. It is important to note that dephasing of the OD
oscillators introduces an inherent spread in the measured hy-
droxyl stretch frequency because of the homogeneous line width
(60 cm1) of HOD in H2O (23, 36, 37). This spread in
frequency will cause the inertial drop reported at a particular
OD stretch frequency to be the average over a range of fre-
quencies. However, the linear relationship observed in Fig. 2
suggests that the uncertainty in frequency should not have a
substantial effect on the results.
The open circles in Fig. 2 are the results of an MD simulation
of SPC/E HOD in H2O. The MD simulation results presented
here use methods similar to the earlier work of Skinner and
coworkers (25), but with an improved method for calculating the
hydroxyl stretch frequencies (38) that has been extended to the
case of the OD stretch of HOD in H2O. Previous simulations of
HOD in D2O have reported the amplitude of the inertial drop
at several central frequencies but the frequency bin size about
these central frequencies was large (80 cm1) (27). The simu-
lation results presented here use bin sizes of 10 cm1 to provide
a much finer scale for comparing the amplitude of the inertial
drop to the experimental data. As can been seen in Fig. 2, the
simulations have a trend that is similar to the experimental data
but the amplitude of the inertial drop is larger at all frequencies.
In addition, the simulation displays a clear curvature whereas the
experimental data are linear. The long-time anisotropy decay
observed in the MD simulation is significantly faster than the
experimentally measured decay indicating that the hydrogen
bond network dynamics in the simulation are too fast. In
previous simulations (25, 27) the orientational correlation func-
tion was reported at only a few OH frequencies but the ampli-
tudes of the inertial drops were similar to the results of the
simulation reported here.
The IR anisotropy experiment measures the correlation func-
tion of the second Legendre polynomial, 	P2(ˆ0ˆt)
, where ˆ0
and ˆt are the OD bond unit vectors in the lab frame at times
0 and t, respectively; a change in the angle between ˆ0 and ˆt
results in a decrease in the anisotropy. Therefore, the amplitude
of the orientational correlation function at t  100 fs is related
to the angular range that the OD bond traverses in the first 100
fs after excitation. From the experimental results presented in
Fig. 2, there is a distinct correlation between the strength of the
hydrogen bond (OD stretching frequency) and the inertial
angular range that the HODmolecule is able to sample. Stronger
hydrogen bonds (lower OD stretching frequencies) allow less
angular freedom (smaller drop) and weaker hydrogen bonds
(higher OD stretching frequencies) allow more angular freedom
(larger drop).
The fact that the experimental data show a correlation
between the angular range and the OD stretching frequency
provides strong evidence that the intermolecular angular poten-
tial energy surface, which restricts the angular motion, depends
in part on the strength of the O-DOO hydrogen bond. It is
reasonable to postulate that a smaller angular range will occur
for a steeper angular potential energy surface.
Inertial Motion on a Harmonic Potential. To obtain information on
the nature of the intermolecular potential energy surface based
on the amplitude of the inertial drop and its dependence on the
O-DOO hydrogen bond strength, we use a harmonic approxi-
mation. We assume that the inertial dynamics can be modeled as
occurring on an effective harmonic potential energy surface.
This assumption allows us to extract a characteristic oscillator
frequency that describes the inertial motion of the HOD mol-
ecule. In addition, we take the inertial motion to be complete
after100 fs. This time is based on the results ofMD simulations
(25, 27) and ultrafast IR experiments (29) that show a transition
into the exponential decay associated with hydrogen bond
network rearrangement after 100 fs. We also employ the fact
that the inertial motion and its damping occur on a time scale
much faster than the hydrogen bond network rearrangement so
that the dynamics of the two processes are separable. This
assumption is reasonable because the inertial motion occurs on
a time scale of tens of femtoseconds, whereas the long-time
dynamics have a characteristic time scale of 2.6 ps. The effects
of including the contribution from the long-time dynamics will
be discussed briefly below.
It is well known that water interacts strongly with its neighbors
through the formation of approximately four hydrogen bonds.
These interactions set up a potential energy surface that restricts
the angular motion of the HOD molecule. The simplest model
for this potential energy surface is an effective two-dimensional
harmonic potential. The pump-probe anisotropy experiment is
sensitive to changes in the polar angle, , of the OD bond vector
relative to the laboratory frame. The second dimension appears
through the azimuthal symmetry of the harmonic potential. The
two-dimensional potential can provide information about char-
acteristic changes such as steepening or flattening of the poten-
tial energy surface that affects polar angular motion. Hydrogen
bonds restrict the motion of the HOD molecule through this
effective potential, but fluctuations in the hydrogen-bonding
network also constantly provide stochastic forces that apply
torques to the HOD molecule within its potential well. The
combination of stochastic torques and a confining potential
causes the HOD molecule to move ballistically within its poten-
tial well for some time (inertial motion) before its angular
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Fig. 2. Amplitudes of the experimentally measured orientational correla-
tion functions at t  100 fs as a function of the OD stretching frequency
(hydrogen bond strength, solid circles). The dashed line is a linear fit to the
data. Also, the amplitudes of the orientational correlation function from MD
simulations (open circles) are shown.
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velocity loses memory of its initial value and direction (decay of
the angular velocity autocorrelation function).
A model for the short-time orientational motion of water must
calculate the second-rank rotational time correlation function,
C2(t)  	P2(ˆ0ˆt)
, where ˆ0 and ˆt are OD bond unit vectors
in the lab frame at times t  0 and t, respectively. The angular
‘‘harmonic cone’’ potential is determined at the molecular level
by the hydrogen-bonding interactions between water molecules.
Therefore, a natural choice for the z axis in what we call the
‘‘molecular level frame’’ is the intermolecular unit vector con-
necting the oxygen on the HOD molecule to the neighboring
oxygen that participates in the ODOO hydrogen bond. This
choice of z axis leads to the reasonable result that the minimum
of energy for the harmonic potential occurs for a linear hydrogen
bond. The OD bond vectors, ˆ0 and ˆt, make polar angles, 0 and
t, with this axis. By using the addition theorem for spherical
harmonics (39), and following the treatment of Lipari and Szabo
(18), we can make a connection between the measurement in the
lab frame and the dynamics in the molecular level frame.
The assumption that the inertial dynamics are separable from
the long-time dynamics means that the inertial motion damps
before hydrogen bond network rearrangement occurs. If we
further use the assumption that the inertial motion is complete
by 100 fs, we can write C2(100 fs)  C2
inertial (). In this case, the
polar angles, 0 and , are uncorrelated, and so, as discussed by
Lipari and Szabo (18),
C2
inertial  	P2cos 0
	P2cos 
  	P2cos 
2. [3]
By using the assumption that the intermolecular potential is
harmonic with respect to the polar angle, , about the harmonic
cone axis, we can write an expression for 	P2(cos )
.
	P2cos 
 

0
2
d
0
2
d sin P2cos eI	
22/2kBT

0
2
d
0

d sin eI	22/2kBT
[4]
Here, I is the average moment of inertia of the HOD molecule
(I  2.847  1047 kgm2), 	 is the angular frequency of the
oscillator, kB is Boltzmann’s constant, and T is the temperature
in Kelvin. The denominator is for normalization, and the expo-
nential gives the thermal equilibrium Gaussian distribution of
angles allowed by the effective intermolecular harmonic poten-
tial about the OOO direction. The integration over  comes in
because of the azimuthal symmetry of the potential. By using Eq.
4 in Eq. 3 we can write an expression that connects the
experimentally measured amplitude of the (normalized) corre-
lation function at 100 fs with the oscillator frequency of the
effective harmonic potential, 	.
C2
exp100 fs  C2
inertial
  0
2
d
0

d sin P2coseI	
22/2kBT

0
2
d
0

d sin eI	22/2kBT 
2
. [5]
The oscillator frequencies extracted from the experimental data
at 25°C based on this model are shown in Fig. 3A. The frequen-
cies range from320 cm1 for weaker hydrogen bonds (highOD
stretching frequency) to450 cm1 for stronger hydrogen bonds
(low OD stretching frequency). With these oscillator frequen-
cies, we can estimate the characteristic amplitude of the angular
motion allowed by the intermolecular potential energy surface
for each OD stretching frequency.
	
 0
2
d
0

d sin eI	22/2kBT

0
2
d
0

d sin eI	22/2kBT  [6]
	
 is the average angular range of motion for a given oscillator
frequency	. Fig. 3B gives the values of 	
 based on the oscillator
frequencies in Fig. 3A.
Fig. 3 shows that there is a clear correlation between the OD
stretching frequency and the nature of the local angular potential
energy surface. Larger inertial drops are correlated with higher
OD stretching frequencies. The frequency of the OD stretch
depends primarily on the strength (length) of the O-DOO
hydrogen bond. MD simulations have shown that the stretching
frequency is much less sensitive to the O-DOO angle (24).
Weaker hydrogen bonds have larger oxygen–oxygen distances.
The results in Fig. 3 based on the harmonic cone model indicate
that the increase in OOO distance is correlated with a shallower
angular potential (lower harmonic oscillator frequency) and a
larger amplitude angular motion. Intuitively, this correlation
seems reasonable; as the OOO distance increases, the attraction
pulling the D toward the O is weaker, and therefore the energetic
price that is paid for an angular deviation is reduced allowing the
HOD more freedom to sample its angular space.
The discussion given above only describes the fastest inertial
angular motions of the HOD molecule in its instantaneous local
potential. This local potential only exists unchanged on a time scale
comparable to the fluctuations of the water molecules surrounding
the HOD. On a longer time scale, the evolution of the hydrogen-
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bonding network will change the local potential and eventually lead
to complete orientational randomization. The experimental anisot-
ropy decays (Fig. 1) show that the orientational relaxation occurs
with a single time constant for all times 200 fs (see Fig. 1 Inset).
It has been proposed that the mechanism for the long-time reori-
entation of water involves large-amplitude angular jumps (26, 40).
The orientational motion of the HODmolecule therefore depends
on twoprocesses, the inertialmotion that occurs on a fast time scale,
and the large-amplitude angular jumps that occur on a longer time
scale.
Although it is not possible for a correlation function to have
exponential behavior at t  0, we can qualitatively consider the
effect that an exponential decaywith a time constant of 2.6 pswould
have on the estimated oscillator frequencies. Rather than attribut-
ing the anisotropy value at 100 fs solely to the inertial motion, there
would also be a contribution to the drop from the exponential decay
that would reduce the amplitude caused by the inertial motion.
Although this is a small effect, the result would be higher oscillator
frequencies and smaller values for 	
 than the values reported in
Fig. 3, but the trends would remain the same.
The inertial motions of the HODmolecule are usually attributed
to librations and hindered translations, and the oscillator frequen-
cies inFig. 3 lend support to that interpretation. The frequencies are
somewhat smaller than the central frequency in the librational
spectrum of HOD, which peaks at 585 cm1, but are larger than
the frequencies attributed to hindered translations that occur at
200 cm1. The harmonic potential used here provides a qualita-
tive picture of how the potential energy surface may be affected by
the changing hydrogen bond strength, but it is not a true repre-
sentation of the complicated forces and torques acting on theHOD
molecule. Each of the 4 nearest neighbors constantly executes
hindered translational motions, all of which affect the orientation
of the central HODmolecule.We have simplified all of these forces
into a single harmonic potential. Nonetheless, analysis of the
experimental observable (the amplitude of the inertial drop) with
the harmonic cone model provides useful information about the
effect of hydrogen bond strength on the angular potential.
Temperature Dependence of the Inertial Angular Motion. The many
anomalous properties of water manifest themselves as the temper-
ature and pressure of the system are changed (41). A number of
molecular level structural models for water attempt to explain the
changes in density of water as a function of temperature and/or
pressure (1–6). At low temperatures, most models suggest that the
structures in liquid water become extended tetrahedral networks,
lending rigidity to the hydrogen-bonding network. At high temper-
atures, the water network is more flexible, with the hydrogen-
bonding structures moving away from well developed tetrahedral
geometries. The amplitude of the inertial drop as a function of
temperature andOD stretching frequency provides information on
the intermolecular potential created by the local hydrogen-bonding
structures.
Fig. 4 shows the amplitude of the inertial drop as a function of
OD stretching frequency at three temperatures: 1°C, 25°C, and
65°C. These three datasets are representative of the many temper-
atures that were studied. Several trends are immediately apparent.
At high temperature, the inertial drop changes substantially as the
strength of the hydrogen bond (OD stretching frequency) changes.
Stronger hydrogen bonds (lower frequencies) allow less angular
motion; weaker hydrogen bonds (higher frequencies) allow more
angular motion. At low temperature the picture changes com-
pletely. At sufficiently low temperatures the inertial drop does not
depend on the OD stretching frequency within experimental error.
As discussed above, there is an inherent uncertainty in the OD
stretch frequency because of homogeneous dephasing. The effect
of changing temperature on the homogeneous line width of water
is unknown. However, the absorption line shape indicates that the
homogeneous width does not dominate the spectrum at low tem-
perature. Therefore, it is unlikely that the homogeneous width is
responsible for the lack of frequency dependence at low temper-
ature.
The disappearance of the correlation between the hydrogen
bond strength and the inertial angular motion suggests that the
collective effects of amore rigid hydrogen-bonding network control
themotion of theHODmolecule at low temperatures.Whereas the
OD spectroscopic probe is mainly sensitive to the O-DOO hydro-
gen bond, the motion of the HOD molecule depends on the
potential energy surface set up by all of its neighbors. For a
correlation to exist between the OD stretch frequency and the
inertial decay, the angular motion of the HOD must be strongly
dependent on the O-DOO hydrogen bond. At high temperatures,
the structure of water is more open. The density decreases and the
interactions between water molecules are weaker. The blue shift of
the IR spectrum with increased temperature suggests that the
distribution shifts toward weaker hydrogen bonds (5). The wave-
length dependence of the inertial decay indicates that the O-DOO
hydrogen bond is very important in determining the angular
potential. At the higher temperatures, the two hydrogen bonds
donated by HOD, the O-DOO hydrogen bond and the O-HOO
hydrogen bond, may dominate the angular potential. For a weak
O-DOO hydrogen bond, the O-HOO hydrogen bond can range
from strong to weak. In some sense, the interaction responsible for
the potential could be thought of as ranging fromweak tomoderate.
For a strong O-DOO hydrogen bond, the O-HOO hydrogen bond
can again range from strong to weak, and the potential can range
frommoderate to strong. If the potential is dominated by only these
two bonds, the result would be a correlation between the OD
stretch frequency and the amplitude of the inertial decay. Recent
instantaneous normal mode studies provide support for this inter-
pretation, finding that the two donated hydrogen bonds determine
the nature of the intermolecular potential energy surface almost
entirely (22).
At low temperatures, the density of water increases and the IR
spectrum (5) indicates that the equilibrium distribution favors
stronger hydrogen bonds, producing a more ordered tetrahedral
structure. The lack of wavelength dependence in the amplitude of
the inertial component at low temperature (see Fig. 4) suggests that
collective effects involving many water molecules determine the
angular potential for the HOD molecules under observation. If
many hydrogen-bonding interactions participate in determining the
angular potential, then the influence of the single O-DOO hydro-
gen bond under investigation is diminished. The result will be a lack
of correlation between theOD stretch frequency and the amplitude
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Fig. 4. Temperature dependence of the experimentally measured orienta-
tional correlation function at t  100 fs as a function of OD stretching
frequency. The solid lines are linear fits to the data.
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of the inertial decay. In this picture, the fact that the inertial motion
does not depend on the OD stretch frequency is indicative of
multiwater molecule collective interactions dominating the angular
potential at low temperatures. At high temperatures, however, the
potential is more strongly determined by the two hydrogen bond
interactions in which the HOD hydroxyls are hydrogen bond
donors.
Concluding Remarks. The short-time inertial motions of water mol-
ecules are important indicators of the nature of the local hydrogen-
bonding structure and potential energy landscape. The results
presented here demonstrate that the strength of the ODOO
hydrogen bond is correlated with the amplitude of the inertial
angular motion. Weaker ODOO hydrogen bonds allow more
inertial angular motion than stronger hydrogen bonds. However,
the correlation disappears at low temperature. The most likely
cause of this change is the increase in collective interactions in the
hydrogen-bonding network, which decouple the angular potential
from a significant dependence on the ODOO bond under obser-
vation.
A harmonic cone model based on inertial motion in a harmonic
potential is used to estimate the characteristic frequencies of the
intermolecular potential energy surface. The frequencies corre-
sponding to the effective harmonic potential that restricts the
short-time angular motion of the HOD molecule display a well
defined trend, with lower frequencies matched with larger-
amplitude inertialmotions. The values for the oscillator frequencies
fall in the range of 400 cm1 indicating that the orientational
modes responsible for the short-time inertial motion are probably
librations and hindered translations of the HOD. The translational
motions of the surrounding water molecules exert torques on the
HOD, changing its orientation through translational-rotational
coupling.
There are two important trends in the inertial angular motion
observed in these experiments: the trend with frequency (see Figs.
2 and 3) and the trend with temperature (see Fig. 4). Both provide
new information that is intimately related to the nature of the water
hydrogen bond potential energy surface, how it changes with
hydrogen bond strength, and how it changes with temperature.
Materials and Methods
D2O was added to H2O to make a solution of2.5 mol % D2O in H2O. Samples
were housed in copper sample cells between 3-mm-thick CaF2 windows sep-
arated by a 25-m-thick Teflon spacer. The sample temperature was con-
trolled by using a feedback temperature control system and a constant flow
liquid N2 cryostat. Sample temperatures were stable to 0.1°C
A Ti:Sapphire oscillator/regenerative amplifier pumped an OPA and differ-
ence frequency mixing stage (AgGaS2) to produce70 fs mid-IR pulses with4
J per pulse. The polarization of an intense pump pulse (90%) is set to 45°.
Components of the probe parallel and perpendicular to the pump are resolved
after the sample by using a single wire grid polarizer in a computer-controlled
rotation stage. The pump-probe signal is frequency resolved and detected
with a 32-element MCT Array detector.
ACKNOWLEDGMENTS. B.B. thanks the Indian Institute of Science for a sab-
batical leave. This work was supported by Department of Energy Grant
DE-FG03-84ER13251 and National Science Foundation Grant DMR 0652232.
D.E.M. received a graduate research National Defense Science and Engineer-
ing Graduate fellowship.
1. Walrafen GE (1968) Raman spectral studies of HDO in H2O. J Chem Phys 48:244–251.
2. Frank HS, Wen W-Y (1957) Structural aspects of ion-solvent interaction in aqueous
solutions: A suggested picture of water structure. Discuss Faraday Soc 24:133–140.
3. Pople JA (1951) Molecular association in liquids II. A theory of the structure of water.
Proc R Soc London Ser A 205:163–178.
4. Bernal JD (1964) The structure of liquids. Proc Roy Soc London Ser A 280:299–322.
5. Falk M, Ford TA (1966) Infrared spectrum and structure of liquid water. Can J Chem
44:1699.
6. Vedamuthu M, Singh S, Robinson GW (1994) Properties of liquid water: Origin of the
density anomalies. J Phys Chem 98:2222–2230.
7. Krynicki K (1966) Proton spin-lattice relaxation in pure water between 0 C and 100 C.
Physica 32:167–178.
8. Hindman JC (1974) Relaxation processes in water: Viscosity, self-diffusion, and spin-
lattice relaxation. A kinetic model. J Chem Phys 60:4488–4496.
9. Collie CH, Hasted JB, Ritson DM (1948) The dielectric properties of water and heavy
water. Proc Phys Soc London 60:145–160.
10. Winkler K, Lindner J, Bu¨rsing H, Vo¨hringer P (2000) Ultrafast Raman-induced Kerr-
effect of water: Single molecule versus collective motions. J ChemPhys113:4674–4682.
11. Nienhuys H-K, van Santen RA, Bakker HJ (2000) Orientational relaxation of liquid water
molecules as an activated process. J Chem Phys 112:8487–8494.
12. Hubbard PS (1963) Nuclear magnetic relaxation by intermolecular dipole-dipole inter-
actions. Phys Rev 131:275–282.
13. Glew DN, Rath NS (1971) H2O, HDO, and CH3OH infrared spectra and correlation with
solvent basicity and hydrogen bonding. Can J Chem 49:837–856.
14. Corcelli S, Skinner JL (2005) Infrared and Raman line shapes of dilute HOD in liquid H2O
and D2O from 10 to 90°C. J Phys Chem A 109:6154–6165.
15. Smith JD, et al. (2005) Unified description of temperature dependent hydrogen bond
rearrangements in liquid water. Proc Natl Acad Sci USA 102:14171–14174.
16. Woutersen S, Bakker HJ (1999) Resonant intermolecular transfer of vibrational energy
in liquid water. Nature (London) 402:507–509.
17. Gaffney KJ, Piletic IR, Fayer MD (2003) Orientational relaxation and vibrational excitation
transfer in methanol—Carbon tetrachloride solutions. J Chem Phys 118:2270–2278.
18. Lipari G, Szabo A (1980) Effect of librational motion on fluorescence depolarization
and nuclear magnetic resonance relaxation in macromolecules and membranes. Bio-
phys J 30:489–506.
19. Tan H-S, Piletic IR, Fayer MD (2005) Orientational dynamics of nanoscopic water in
reverse micelles: Ultrafast infrared frequency selective transient absorption experi-
ments. J Chem Phys 122:174501(174509).
20. Tan H-S, Piletic IR, Riter RE, Levinger NE, Fayer MD (2004) Nanoscopic water: Dynamics
in reverse micelles measured with ultrafast infrared vibrational echo spectroscopy.
Phys Rev Lett 94:057405(057404).
21. Cho MH, Fleming GR, Saito S, Ohmine I, Stratt RM (1994) Instantaneous normal mode
analysis of liquid water. J Chem Phys 100:6672–6683.
22. Chang SL, Wu, T-M, Mou, C-Y (2004) Instantaneous normal mode analysis of orienta-
tional motions in liquid water: Local structural effects. J Chem Phys 121:3605–3612.
23. Asbury JB, et al. (2004) Dynamics of water probed with vibrational echo correlation
spectroscopy. J Chem Phys 121:12431–12446.
24. Fecko CJ, Eaves JD, Loparo JJ, Tokmakoff A, Geissler PL (2003) Local and collective
hydrogen bond dynamics in the ultrafast vibrational spectroscopy of liquid water.
Science 301:1698–1702.
25. Lawrence CP, Skinner JL (2003) Vibrational spectroscopy of HOD in liquid D2O. III.
Spectral diffusion, and hydrogen-bonding and rotational dynamics. J Chem Phys
118:264–272.
26. Laage D, Hynes JT (2006) A molecular jump mechanism of water reorientation. Science
311:832–835.
27. Laage D, Hynes JT (2006) Do more strongly hydrogen-bonded water molecules reorient
more slowly? Chem Phys Lett 433:80–85.
28. Graener H, Seifert G, Laubereau A (1991) New spectroscopy of water using tunable
picosecond pulses in the infrared. Phys Rev Lett 66:2092–2095.
29. Loparo JJ, Fecko CJ, Eaves JD, Roberts ST, Tokmakoff (2004) A reorientational and
configurational fluctuations in water observed on molecular length scales. Phys Rev B
70:180201.
30. Rezus YLA, Bakker HJ (2005) On the orientational relaxation of HDO in liquid water.
J Chem Phys 123:114502.
31. Rezus YLA, Bakker HJ (2006) Orientational dynamics of isotopically diluted H2O and
D2O. J Chem Phys 125:144512.
32. Steinel T, Asbury JB, Fayer MD (2004) Watching hydrogen bonds break: A transient
absorption study of water. J Phys Chem A 108:10957–10964.
33. Bakker HJ, Woutersen S, Nienhuys HK (2000) Reorientational motion and hydrogen-
bond stretching dynamics in liquid water. Chem Phys 258:233–245.
34. Gallot G, et al. (2002) Coupling between molecular rotations and OHOO motions in
liquid water: Theory and experiment. J Chem Phys 117:11301–11309.
35. Piletic IR, Moilanen DE, Spry DB, Levinger NE, Fayer MD (2006) Testing the core/shell
model of nanoconfined water in reverse micelles using linear and nonlinear ir spec-
troscopy. J Phys Chem A 110:4985–4999.
36. Park S, Fayer MD (2007) Hydrogen bond dynamics in aqueous NaBr solutions. Proc Natl
Acad Sci USA 104:16731–16738.
37. Asbury JB, et al. (2004) Water dynamics: Vibrational echo correlation spectroscopy and
comparison to molecular dynamics simulations. J Phys Chem A 108:1107–1119.
38. Auer B, Kumar R, Schmidt JR, Skinner JL (2007) Multidimensional ultrafast spectroscopy
special feature: Hydrogen bonding and Raman, IR, and 2D-IR spectroscopy of dilute
HOD in liquid D2O. Proc Natl Acad Sci USA 104:14215–14220.
39. Arfken GB, Weber HJ (2001)MathematicalMethods for Physicists (Harcourt Academic,
San Diego).
40. O’Reilly DE (1974) Self-diffusion coefficients and rotational correlation times in polar
liquids. VI. Water. J Chem Phys 60:1607–1618.
41. Lang EW, Lu¨demann H-D (1982) Anomalies of liquid water. Angew Chem Int Ed
21:315–329.
5300  www.pnas.orgcgidoi10.1073pnas.0801554105 Moilanen et al.
